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Introduction
Murein and pseudom urein form the rigid layers of the cell walls of eubacteria [1] and some m ethanobacteria [2] . These polymers, consisting of polysaccharide chains connected with peptide chains, perform a network structure.
The primary structure of m urein is chemically sig nificantly different from pseudom urein. The glycan strand of murein is made up of alternating N-acetyl-D-glucosamine-and N-acetyl-D-muramic acid re sidues (1) (Fig. la , b) . The glycan strand of pseudom urein is made up of alternating N-acetyl-Dglucosamine-and N-acetyl-L-talosaminuronic acid residues (2) (Fig. lc , d ). In the case of m urein, the peptide chains, consisting of alternating l -and damino acid residues, are linked to the carboxylgroups of the D-lactyl residues of muramic acid re sidues (1) (Fig. l a , b) . In pseudom urein, the peptide chains, consisting only of L-amino acid residues, are linked to the carboxylgroups of talosam inuronic acid residues (2) (Fig. lc , d ).
Reprint requests to H. Formanek. In spite of these differences in their chemical com positions, the three dimensional structures of both cell wall polymers exhibit similarities which are dis cussed in the following.
Experimental-and Theoretical Data Available
Considerations about the three dimensional struc ture of murein and pseudomurein can be based on the data of density measurements, X-ray-and electron diffraction and high resolution electron microscopy.
D ensity measurements
Similar high density values were obtained for murein [3] [4] [5] and pseudom urein [6] . In both cases, values of q = 1.39 to 1.46 g/cm3 were obtained. 
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X -ray diffraction
Foils were prepared from the sacculi of murein of Gram -positive and Gram-negative bacteria [3] [4] [5] and the sacculi of the pseudomurein of Methanobacterium therm oautotrophicum [6] . The planes of the collapsed sacculi are almost parallel to the planes of the foils.
Diffuse Debye-Scherrer rings corresponding to distances of 4.5 and 9.5 to 10 A were obtained within the planes of these foils.
Vertical to the planes of the foils of sacculi from the Gram -negative bacterium Spirillum serpens a re flexion corresponding to a periodicity of 43 Ä has been measured [7] , With the aid of an electron microscope, a thickness of 15 to 30 Ä was measured for the murein of Gram-negative bacteria [8] [9] [10] , Similar periodicities of 42 to 45 A vertical to the planes of the foils were found for the murein of the multilayered Gram-positive bacteria Staphylococcus aureus and Micrococcus luteus [5] and the pseudo murein of M ethanobacterium therm oautotrophicum 
Electron diffraction and high resolution electron m icroscopy
The most intense Debye-Scherrer ring obtained by X-ray diffraction, corresponds to a distance of 4.5 Ä in the plane of a foild composed of many murein sacculi. This Debye-Scherrer ring was also obtained in the planes of single murein sacculi by electron diffraction [11] , For this purpose the sacculi were adsorbed on hydrophilic, crystalline foils of graphite oxide and a device for the reduction of radiation damage was installed into the electron microscope [ 
121.
High resolution micrographs taken at 4 K with an electron microscope containing a superconducting lens system [13] provided a fringe structure with a periodicity of about 4.5 A in the planes of the murein sacculi of Spirillum serpens [14] , At 4 K the radiation damage on the object was considerably reduced.
Conform ation o f the carbohydrate residues
Considerations on the stability of glucopyranose rings [15] , energy calculations [15] and X-ray struc ture analyses on N-acetyl-D-glucosamine [17] and Nacetyl-D-muramic acid [18] proved, that these sugars are always in the 4C, conformation. For a-D-talose, too, only the 4C| form was found by X-ray structure analyses [19, 20] . Therefore, it may be concluded that both the m irror symmetric i.-talose and Nacetylamino-i.-talosäminuromic acid are in the 'C4 form (Fig. 2) .
The following comparison between the two theoretically possible conformations 4C| and 'C4 (Fig. 2) of the N-acetyl-i.-talosaminuronic acid re sidues in pseudom urein may further show why the 'C4 form was taken into consideration for model building.
4C'i Conform ation (Fig. 2 a) : The N-acetylgroup at C 2 and 0 4 are in the sterically unrestricted equatorial 
---------------* Glycosidically linked oxygen atoms; ----------------» intramolecular hydrogen bond.
positions. The carboxylgroup in position C6 and 0 3 are in axial positions. Since the optimal van der Walls distances for C . . .C are 3.0 to 3.2 Ä and for C . . . O 2.6 to 2.8 Ä , the 4Q form may be destabilized by three close intram olecular distances: C6__ C) = 2 .8 Ä ;C 6___ C3 = 2 .9 Ä ;C 6___ 0 3 = 2.5Ä .
A further destabilization effect may be caused by the peptides linked to the bulky carboxyl groups in position C6 and by the fact that the 0 3 atoms are involved in the intrachain glycosidic linkages.
'C 4 Conform ation (Fig. 2 b) : The carboxylgroup in position C6 to which in pseudom urein, the peptide chain is linked and 0 3, which perform s the intrachain glycosidic linkage, are in the sterically-unrestricted equatorial position.
The N-acetylgroup at C2 and 0 4 is in axial position. The sterical possibility of an N-acetylgroup or an 0 4 in axial position was shown by X-ray structure ana lyses of N-acetyl-D-mannosamine [21] and N-acetyl-D-galactosamine [22] .
The 4C[ conform ation of a-D-talose, where both 0 2 and 0 4 are in axial position, is stabilized by in tram olecular hydrogen bonds between 0 2 and 0 4 [19, 20] . From the X-ray data it can be calculated, that the distance between 0 2. . . . 0 4 is 2.66 Ä and the angle between the vectors 0 2___H and 0 2___0 4 is 23 °. Hydrogen bond angles beyond 30 °a re, however, theoretically allowed [23] . Identical hydrogen bonds can be assumed for the mirror symmetric L-talose in the 'C 4 conformation and, if the axial 0 2 is replaced by an N-acetylgroup, as is the case in N-acetyl-L-talosaminuronic acid, in tramolecular hydrogen bonds between the iminogroup and 0 4 may be performed with angles between the vectors N-H and N . .. 0 4 beyond 30 °.
Proposed structure based on the experimental-and theoretical data
Possible conformation of the glycan strands. In the ß-1,4 linked polyglucosides cellulose, chitin and murein, all glycosidically linked oxygen atoms are in equatorial positions. If, in pseudom urein, the N-acetyl-D-glucosamine residues are in the 4Q con formation and the N-acetyl-L-talosaminuronic acid residues in the 'C 4 conformation, then all glycosidi cally linked oxygen atoms are also in equatorial posi tion for ß-1.3 linkages (Fig. 1 d) . Equatorial positions for all anomeric O-atoms are, however, obvious. since only axial positions for the anomeric H-atoms were identified by NMR-spectroscopy [24] , In contrast to the 1,4 linkage of murein [1] , for pseudomurein the 1,3 linkage [2] is reasonable, be cause an exchange of N-acetyl-D-glucosamine against N-acetyl-D-galactosamine occuring in several pseudomureins [25] , did not introduce any change into the stereochemistry of the glycosidic linkages. The sterical possibilities of the polysaccharide chains of murein were determ ined, dependent on the rota tion angles <I> and V (Fig. lb ) , around the bonds to the glycosidic oxygen atoms by using Ramachandran-type calculations [26, 27] , Within the sterically allowed regions of these rotation angles, two to threefold screw axes are possible [26, 27] .
Three dimensional models of murein with 2-fold screw axes [3, 28] and models of murein [4, 5] and pseudomurein [6] with two-to-threefold screw axes were therefore proposed.
A twofold screw axis provides the highest value for the disaccharide peptide periodicity in the direction of the polysaccharide strand (b in Fig. 1 ) [27] , With a screw axis higher then twofold this value can be re duced in murein from 10.3 Ä to 9.4 Ä if a right angled elementary cell (a = 90 ° in Fig. 1 ) is con sidered for the murein network [27] , On the other hand an obtuse angled elementary cell (a > 90 ° in Fig. 1 ) can also cause a 9.5 Ä reflex (b x sin a in Fig. 1 ) for the 10.3 Ä periodicity (b in Fig. 1 ) caused by the twofold screw axis. Similar considerations are valid for pseudomurein.
In the case of non-twofold screw axis, the peptide chains are radially distributed around the polysac charide strands [5, 6] (Fig. 3a) . A 2.66-fold screw axis, for example, causes right angles between the peptide chains linked to every second sugar residue of the polysaccharide strands.
Only in the case of a twofold screw axis or a screw axis oscillating around the twofold symmetry, do the peptide chains point in identical or almost identical direction (Fig. 3 b, c) [27] causing thereby the separa tion of the carbohydrate and peptide moieties.
Elementary cell
Two dimensional Fourier-transforms were calcu lated for murein networks with different packing periodicities (a in Fig. 1 ) with the results, that the packing periodicity provided always the strongest re flexion [27] . These calculations are also valid for pseudom urein networks. Therefore, the strongest D ebye-Scherrer ring corresponding to a distance of 4.5 Ä in the planes (a, b in Fig. 1 ) of murein and pseudom urein sacculi may be interpreted as a func tion (a x sin a) of the packing periodicity of their glycan strands, while the Debye-Scherrer ring at about 9.5 Ä may be explained as a function (b x sin a) of the repeating periodicity of the disaccharide peptide units along the polysaccharide strands.
The periodicity of 42 to 45 Ä measured vertical to the planes of the sacculi of murein and pseudomurein may be interpreted in two different ways.
1. For screw axes of the polysaccharide strands higher than twofold (Fig. 3 a) where the peptide chains are radially oriented around the glycan strands, three to four individual layers may be needed to form the periodicity of 42 to 45 Ä [5, 6] .
2. For a twofold screw axis (Fig. 3 c) or a screw oscillating around the twofold symmetry (Fig. 3 b) , the periodicity of 42 to 45 Ä may be caused by two head-to-head or tail-to-tail superimposed murein layers of 21 to 22.5 Ä thickness [3, 27] ,
In the case of a twofold screw axis, the two dis tances m easured in the planes of the sacculi of mu rein and pseudom urein and one distance m easured vertical to this planes may be interpreted as function of the dimensions, a, b, c (Fig. 1) of the elementary cells of murein and pseudom urein, where each elem entary cell contains one disaccharide peptide unit.
Since the density values of about 1.5 g/cm3 calcu lated with these data for an ideally single crystalline structure are only slightly higher than the m easured values of 1.39 to 1.46 g/cm3 for the partially dis ordered paracrystalline structure of murein and pseudom urein, the agreem ent is relatively good.
M odel building
By model building packing periodicities of about 4.5 Ä (a in Fig. 1 ) are possible for glycan strands of murein and pseudom urein with twofold screw axes (Fig. 4) . This narrow packing was also found in chitin by X-ray structure analysis [29] . It permits interchain hydrogen bonds between the N-acetylgroups of the N-acetyl-D-glucosamine residues of both murein and pseudom urein and, in the case of murein, also betw een the N-acetylgroup of N-acetyl-D-muramic acid residues (Figs. 1 and 4) . In pseudom urein, the axially oriented N-acetylgroups of the N-acetyl-Ltalosam inuronic acid residues cannot perform inter chain hydrogen bonds since their NH-groups are still involved in intram olecular hydrogen bonds with the axially-oriented 0 4-atoms (Fig. 2) . In addition, the axially-oriented N-acetylgroups are "overlapping" with the N-acetyl-L-talosaminuronic acid residues of the adjacent polysaccharide strands (Fig. 4) . This "overlapping" is sterically possible because of the "zigzag structure" of the polysaccharide chain of pseudom urein (Fig. 4) , where the N-acetyl-Ltalosam inurom ic acid residues sit "deeper" than the N-acetyl-D-glucosamine residues.
